Mycobacterium vaccae can catabolize a number of major groundwater pollutants. When added singly, acetone, cyclohexane, styrene, benzene, ethylbenzene, propylbenzene, dioxane, and 1,2-dichloroethylene can be catabolized by M. vaccae. Catabolism of a number of these chemicals was monitored by gas-chromatographic analysis. Gas-chromatographic The ability of microorganisms to degrade organic compounds that are recalcitrant to other forms of life has long been known (10). The contamination of groundwater by organic pollutants has been well documented (9), and the use of microorganisms to degrade these pollutants is currently being studied extensively (1, 2, 11, 13, 15, 17, 26 (JOB-5) was used in this study. M. vaccae was grown in L-salts medium (18) with propane as a substrate (24).
The ability of microorganisms to degrade organic compounds that are recalcitrant to other forms of life has long been known (10) . The contamination of groundwater by organic pollutants has been well documented (9) , and the use of microorganisms to degrade these pollutants is currently being studied extensively (1, 2, 11, 13, 15, 17, 26) .
Studies indicate that the major groundwater pollutant trichloroethylene can be catabolized by Mycobacterium vaccae (25) . Other studies have confirmed that M. vaccae has broad cooxidative and catabolic capacities (3, 4, 14, 20) . This cooxidative attack on recalcitrant molecules can result in intermediates that are more amenable to mineralization. Although much work has been done on the degradation of single pollutants by microorganisms, considerably less attention has been devoted to the degradation of mixtures of environmental pollutants (1, 2, 22) . The metabolism and physiology of members of a related genus, Rhodococcus, have been reviewed by Finnerty (12) . The present study describes the catabolic activity of M. vaccae with regard to 11 groundwater pollutants and the effect of intermediates on the catabolism of these pollutants and the degradative abilities of the organism.
(Preliminary reports of this work were presented previously [5, 6] .) MATERIALS AND METHODS Organisms and growth conditions. M. vaccae ATCC 29678 (JOB-5) was used in this study. M. vaccae was grown in L-salts medium (18) with propane as a substrate (24) .
Harvesting of cells. Cells were harvested by centrifugation at 27,000 x g for 20 min at 4°C and suspended in L-salts medium at 1 mg/ml (dry weight) for experiments.
Analytical methods. Gas-chromatographic (GC) analysis was accomplished with a Hewlett-Packard 5880A apparatus equipped with a flame ionization detector and a 30-m 0.53-mm-inner-diameter Vocol fused-silica capillary column (Supelco, Inc., Bellefonte, Pa. Degradation of multiple pollutants. In determining the catabolism of mixtures, the initial concentration was lowered to 50 ppm and 140-ml serum bottles containing 10 a cell suspension were substituted for the 10-ml serum bottles. After incubation, the reaction mixture was extracted with 2 ml of ethyl ether containing 500 ppm of chloroform (internal standard). To test for acetone catabolism, a 0.6-ml sample was removed prior to extraction and 200 ,il of 500 ppm of chloroform in H20 was added as a standard.
14C radiolabel analysis. A cell suspension was prepared as described above with 50 ppm of test pollutant. Ten-milliliter aliquots of the cell suspension were placed in 140-ml serum bottles, and 0.5 ,uCi of 4C-labeled substrate (in ethanol) was added. The bottles were sealed and incubated as described above. The individual test bottles were removed after 24, 48, and 72 h and analyzed by the procedure of Fogel et al. (13) .
A 0-hour test served as a control.
RESULTS
Growth ofM. vaccae on groundwater pollutants. M. vaccae can catabolize 11 major groundwater pollutants. The ability to utilize these 11 compounds as a sole source of carbon was determined. Only acetone and toluene supported the growth of M. vaccae. Propylbenzene, styrene, 1,2-dichloroethylene, o-xylene, dioxane, cyclohexane, benzene, ethylbenzene, and chlorobenzene added singly did not.
Degradation of single compounds. GC analysis indicated that both acetone and toluene at an initial concentration of 100 ppm completely disappeared in 48 h. At 100 ppm, propylbenzene, 1,2-dichloroethylene, o-xylene, dioxane, styrene, and cyclohexane were catabolized less than 50%. Benzene, ethylbenzene, and chlorobenzene were not measurably degraded by M. vaccae at 100 ppm.
For monitoring the disappearance of single compounds at 50 ppm, the procedure used for multiple pollutants was employed.
(i) Benzene. There was no noticeable degradation of benzene at 100 ppm, but at a concentration of 50 ppm (Fig. 1) , the peak fell to below detectable limits in 72 h. Two product peaks appeared as benzene was degraded. A peak with a retention time equal to that of phenol appeared early and disappeared by 72 h. A second peak corresponding to hydroquinone was evident after 48 h. These peaks were A. z identified as phenol and hydroquinone by GC-mass spectrometry.
(ii) Chlorobenzene. M. vaccae degraded 65% of chlorobenzene in 48 h (Fig. 2) . A product peak identified as 4-chlorophenol appeared as chlorobenzene was catabolized.
(iii) Ethylbenzene. At a concentration of 50 ppm, 80% of the added ethylbenzene was degraded (Fig. 2) . A product peak identified as 4-ethylphenol appeared, and a small amount of sec-phenethyl alcohol was also detected.
(iv) Propylbenzene. Propylbenzene at 50 ppm was catabo- Inhibition by another pollutant. When benzene and toluene were present at equimolar concentrations, the degradation of benzene was delayed, but toluene degradation proceeded in a manner similar to that observed when toluene was added singly (Fig. 3) .
Cometabolism of styrene. Styrene was catabolized 20 to 25% when added singly (Fig. 4) . When styrene (50 ppm) was present concomitantly with toluene, it was totally catabolized to styrene oxide in 72 h (Fig. 4) . However, the rate of toluene disappearance was slowed by the presence of styrene (Fig. 4) .
Inhibition of degradation because of product formation. During the biodegradation of chlorobenzene, 4-chlorophenol was formed (Fig. 5) . The formation of 4-chlorophenol inhibited the degradation of toluene (Fig. 5) . Similar results were A.
B. obtained for the concomitant degradation of chlorobenzene and benzene by M. vaccae (Fig. 5) . These results were confirmed by examining the ability of M. vaccae to catabolize toluene or benzene in the presence of 50 ppm of 4-chlorophenol. The production of 4-ethylphenol from ethylbenzene had an equivalent effect during benzene and toluene catabolism (data not shown).
DISCUSSION
The results of this study demonstrate that M. vaccae can catabolize at least 11 groundwater pollutants. Only acetone and toluene support growth.
This study confirms that the major products of benzene oxidation are phenol and hydroquinone. Both phenol and hydroquinone have been implicated as biologically active toxic metabolites of benzene oxidation (23). The production of these intermediates during the degradation of benzene may be a concern. Phenol apparently is a transient intermediate, but hydroquinone is an end product. The accumulation of the potential toxic compound hydroquinone could lead to concentrations that would inhibit the degradation of other pollutants. The identification of phenol and hydroquinone as products of benzene oxidation suggests that M. vaccae catabolizes benzene by a pathway observed previously for mammals (8) . Other studies have shown that bacteria, including a Mycobactenum species, metabolize benzene to catechol (7, 19 ). It appears that M. vaccae is capable of mineralizing small amounts of benzene to CO2. Antagonistic and stimulatory effects we mixtures of substrates were exposed to M toluene and benzene were present in equin slight delay in the degradation of benzene w delay probably reflects the preference of the for toluene. Styrene is cooxidized (21) t during toluene oxidation. The ability of a species to oxidize styrene to styrene oxide h (15, 16 
